Multiple APOBEC3 proteins are expressed in HIV-1 target cells, but their individual contributions to viral suppression when expressed at endogenous levels remain largely unknown. We used an HIV NL4-3 mutant that selectively counteracts APOBEC3G (A3G) but not APOBEC3F (A3F) to dissect the relative contribution of A3F to the inhibition of HIV-1 replication in primary human lymphocytes (peripheral blood mononuclear cells [PBMCs]). This HIV Vif mutant replicated similarly to wild-type virus in PBMCs, suggesting that the effect of A3F on HIV restriction in these cells is limited. The different A3F variants found in PMBC donors displayed either comparable activity or less activity than wild-type A3F. Lastly, the endogenous A3F mRNA and protein expression levels in PBMCs were considerably lower than those of A3G. Our results suggest that A3F neutralization is dispensable for HIV-1 replication in primary human T-lymphocytes.
APOBEC3F (A3F) is a member of the APOBEC3 cytidine deaminase family which, if left unchecked, are potent restriction factors of retroviral replication. In the absence of a functional HIV-1 Vif protein, A3 molecules are copackaged into egressing virions and exert their mutagenic activity by modifying cytidines to uracils in the viral minus strand during reverse transcription in the next round of infection (4, 10, 27) . HIV-1 circumvents the restriction posed by APOBEC3s by mediating their proteasome-dependent degradation through HIV-1 Vif (4, 11, 20) . Circulating viral populations harbor Vif molecules that differ widely in their capacity to limit APOBEC3 activity (1, 19) . In addition, proviruses with G-to-A mutations in either GG or GA dinucleotide contexts have been detected in chronically infected patients and long-term nonprogressors (7, 8, 15, 24) . On a population level, the high degree of functional variation of Vif may be exploited by HIV-1, possibly allowing the appearance of beneficial mutations that increase fitness and/or drug resistance (13, 18) . The Vif protein contains several functional motifs, some of which were shown to be responsible for selective activity against A3G ( 40 YRHHY 44 ), A3F ( 14 DRMR 17 ), or both ( 55 VXIPLX4-5LX⌽X2YWXL 72 and 144 SLQ 146 ) (4, 6, 12, 25, 26) (Fig. 1A) . We took advantage of the differential APOBEC3-specific neutralization activity associated with Vif mutations (19, 22) to probe for the relative contribution of A3F to HIV-1 restriction in human primary lymphocytes. Indeed, one of the naturally circulating Vif mutants previously described contains a substitution (W11R) (Fig. 1A) adjacent to the 14 DRMR 17 A3F binding motif which prevents it from rescuing viral infectivity of a ⌬Vif virus in the presence of A3F (19) . When NL4-3 encoding an arginine at position 11 of Vif (HIV 11R) was produced in HEK 293T cells in the presence of A3F, it failed to mediate A3F degradation and, consequently, showed a lack of infectivity comparable to that of negativecontrol viruses with a defective BC box (SLQ144-146AAA) (HIV ⌬SLQ) (Fig. 1B) . This defect selectively influenced the activity against A3F, since the infectivity of HIV 11R produced in the presence of A3G was comparable to that of HIV WT virus (Fig. 1B) . None of the viruses counteracted the inhibitory activity of A3B, confirming its previously reported resistance to HIV-1 Vif (3). We also showed that the efficiency with which the different Vifs rescue viral infectivity in the presence of A3 correlates well with their ability to degrade these molecules (Fig. 1C) . Taken together, the results of these overexpression experiments demonstrate that HIV-1 Vif mutant 11R behaves like wild-type (WT) HIV in the presence of A3G and A3B but that its infectivity in the presence of A3F resembles that of the Vif-defective mutant HIV ⌬SLQ (Fig. 1B and 2A) .
We next tested the replication capacity of the HIV 11R virus under more physiologically relevant conditions, by infecting phytohemagglutinin (PHA)-stimulated peripheral blood mononuclear cells (PBMCs) from five anonymous HIV-1-negative blood donors. Contrary to our expectations based on the results of the experiments shown in Fig. 1B and C, in which A3 molecules were overexpressed, the replication capacity of the HIV 11R virus was comparable to that of WT HIV in cells derived from all donors (Fig. 2C) . The replication of HIV ⌬SLQ, however, was 5 to 20 times lower than that of WT HIV, suggesting that the endogenous expression levels of Vif-sensitive APOBEC3 proteins such as A3G exert a substantial inhibition of viruses lacking a functional BC box in Vif. Interestingly, PBMCs from donor 5 and, to a smaller extent, from donor 4 allow some replication of HIV ⌬SLQ, which may indicate donor variation in APOBEC3 expression (A3G) (see Fig. 4 ). Of note, the low level of p24 production observed for the Vif-defective viruses likely represents viral output from the first round of infection. Interestingly, when T-cell lines such as MT2 ("nonpermissive," i.e., high levels of A3G and A3F expression) ( Fig. 2A and B ; also see Fig. 4 ) and MT4 ("permis-sive," i.e., low levels of A3G and A3F expression) ( Fig. 2A This discrepancy between the restriction of HIV 11R in MT2 cells and its robust replication in PBMCs (Fig. 2C) and none in the other populations tested) (sources, NCBI SNP database and Ensembl). These donor-derived A3F cDNAs were cloned as N-terminal-FLAG fusions in an expression vector (pTR600) (5) and tested for restriction activity against the wild type and HIV-1 Vif mutants. The inhibitory efficacy of the A3F 108-231 variant was comparable to that of A3F WT when targeting WT HIV (A3F 108-231 had 45% infectivity, and A3F WT had 57% infectivity), HIV 11R (both had 17% infectivity), and HIV ⌬SLQ (A3F 108-231 had 11% infectivity, and A3F WT had 16%) (all values reflect 200 ng of the A3F plasmid) (Fig. 3A) . Interestingly, A3F 307 was significantly less active than A3F WT or A3F 108-231 (no reduction of infectivity for WT HIV, 44% infectivity for HIV 11R, and 42% infectivity for HIV ⌬SLQ) (Fig. 3A ), despite having an expression level comparable to that of A3F 108-231 upon transfection into HEK 293T cells (Fig. 3B) . These results together show that A3F is polymorphic in sequence, with at least three different haplotypes, one of which (Y307C) is impaired in restricting WT HIV, HIV 11R, and HIV ⌬SLQ viruses. The results of these overexpression experiments indicate that the presence of the natural alternative A3F allele A108S-V231I is not the underlying cause for the unrestricted replication of HIV 11R in the primary cells from donors 1, 2, and 3. Only donor 5 carries the A3F Y307 variant, and the phenotype of these cells is somewhat atypical: very little overall A3-mediated restriction is observed, resembling the replication curves observed in the permissive MT4 T-cell line (compare Fig. 2C and B) . Thus, A3F SNPs are probably not the underlying reason for the widespread lack of HIV 11R restriction observed in primary PBMCs.
Next, we determined A3F expression in PBMCs (donors 1 to 5) and T-cell lines (MT2 and MT4). For comparison, we also included A3G and A3B in the quantification. Total cellular RNA was extracted from primary cells, incubated for 48 h with PHA-interleukin-2 (IL-2), and from the MT2/MT4 cell lines and was reverse transcribed with an iScript cDNA synthesis kit (Bio-Rad). The abundance of A3F, A3G, and A3B transcripts was quantified by quantitative PCR (qPCR) using TaqMan assays as described by Koning et al. (9) . We extrapolated the absolute number of molecules per 10 ng of total RNA from standard curves obtained by serial dilutions of plasmids encoding the relevant A3 molecule. The A3 expression levels varied considerably among PBMCs of the five donors (Fig. 4) . Taken as a whole, A3F and A3B were expressed in significantly smaller amounts than A3G (approximately 4-to 5-fold and 10-to 20-fold lower, respectively; Fig. 4A to C) . Importantly, the three different A3F variants in the PBMCs were expressed at low levels that were comparable to expression levels in MT4 cells (Fig. 4C) . The observation that A3F is expressed at lower levels in PBMCs is in agreement with the qPCR data recently reported by two different laboratories (9, 17) . We also measured A3F and A3G protein expression in PBMCs and T-cell lines (no reliable antibody is currently available for A3B endogenous expression). Briefly, the same number of PBMCs from the 5 donors, as well as MT2
and MT4 cells, were lysed, and proteins were separated on 10% polyacrylamide gels (Invitrogen), transferred, and probed with antibodies against A3F (no. 7304; ImmunoDiagnostics) or A3G (ApoC17; NIH AIDS Research and Reference Reagent Program). While the use of two different antibodies prevented us from comparing their relative expression levels, the results in Fig. 4D show that the protein expression levels in each donor closely followed their respective mRNA levels. Interestingly, A3G protein expression in PBMCs varied considerably among donors and was significantly lower in donors 4 and 5, which may explain the low levels of replication of HIV ⌬SLQ in their respective PBMCs (Fig. 2C) . Of note, MT4 cells expressed considerably less A3F and A3G than MT2 cells, whereas PBMCs from the five donors expressed as little A3F as the permissive MT4 cell line. It is conceivable, therefore, that in order to restrict the replication of the HIV 11R Vif mutant, A3F expression needs to reach levels comparable to those detected in MT2 cells (Fig. 4D) . Taken together, our data suggest that A3F neutralization is dispensable for spreading HIV-1 infection in primary lymphocytes, given that the HIV-1 W11R Vif mutant, which retains activity against A3G but not A3F, replicates efficiently in human PBMCs. The induction of A3 molecules by type I interferons, as well as cell type-specific A3 expression (macrophages and dendritic cells), has been reported (9, 16, 23) , and viruses egressing from such cells with high A3F expression levels could infect PBMCs and edit HIV proviruses in a GA dinucleotide context. Alternatively, other APOBEC3 molecules, such as A3B and A3H, could introduce G-to-A mutations in this GA dinucleotide context (2, 5). Our current understanding of the repertoire of APOBEC3 molecules restricting HIV-1 in its natural target cells may be incomplete, and future studies are needed to elucidate their individual roles.
We thank I. Chen for critically reading the manuscript and the members of the Simon Laboratory for insightful discussions. 
